Ultrathin silicon dioxide (SiO 2 ) layers formed on Si substrate with nitric acid have been investigated using both acoustic deep-level transient spectroscopy (A-DLTS) and electrical methods to characterize the interface states. The set of SiO 2 /Si structures formed in different conditions (reaction time, concentrations of nitric acid (HNO 3 ), and SiO 2 thickness [3-9 nm]) was prepared. The leakage current density was decreased by post-oxidation annealing (POA) treatment at 250°C in pure nitrogen for 1 h and/or post-metallization annealing (PMA) treatment at 250°C in a hydrogen atmosphere for 1 h. All structures of the set, except electrical investigation, current-voltage (I − V ), and capacitance -voltage (C − V ) measurements, were investigated using A-DLTS to find both the interface states distribution and the role of POA and/or PMA treatment on the interface-state occurrence and distribution. The evident decreases of interface states and shift of their activation energies in the structures with PMA treatment in comparison with POA treatment were observed in most of the investigated structures. The results are analyzed and discussed.
Introduction
Recently, the nitric acid (HNO 3 ) oxidation method of Si (NAOS), which can be performed at relatively low temperatures (∼120°C), was developed [1] [2] [3] . Using the chemical SiO 2 layers formed in HNO 3 , the formation of ultrathin * E-mail: bury@fel.uniza.sk SiO 2 layers with a leakage current density much lower than those of thermally grown SiO 2 layers, or layers prepared by a different chemical oxidation procedure with the same thickness [2] , can be performed. Although the density of interface states present at SiO 2 /Si interfaces is usually low, it can seriously affect the electrical characteristics of metal-oxide-semiconductor (MOS) devices. The interface states at SiO 2 /Si interfaces are mostly attributed to some kinds of Si dangling bonds [4] .
The leakage current density and consequently the interface state density can be decreased by a post oxidation annealing (POA) treatment in a nitrogen atmosphere [3] and/or a post-metallization annealing (PMA) treatment in a hydrogen atmosphere [2, 5] .
The energy distribution of interface states can be obtained for a thick oxide layer (>5 nm) indirectly using electrical techniques such as capacitance-voltage (C − V ) and conductance-voltage (G − V ) measurements [6] . In this case, however, several assumptions, such as an approximate equivalent circuit, uniform distribution of dopants, a smooth interface, etc., are necessary. Moreover, the energy distribution of interface states near the valence and conduction bands cannot be determined accurately. For MOS devices with an ultrathin oxide layer, on the other hand, a tunneling current flowing through the oxide layer interrupts the observation of interface states using electrical techniques.
In the present study, the set of SiO 2 layers with thicknesses in the range 3-9 nm are formed at different conditions (reaction time, HNO 3 concentration) using the NAOS method. The POA treatment in pure nitrogen and PMA treatment in hydrogen eliminate interface states and decrease the leakage current density of MOS diodes. Acoustic deep-level transient spectroscopy (A-DLTS) is used for the first time to study ultrathin NAOS SiO 2 /Si interfaces, and together with electrical measurement clarifies the role of annealing treatment on the interface states occurrence and distribution.
Experiments
Si MOS structures were fabricated from phosphorusdoped Si (100) wafers with ∼ 10 Ωcm resistivity. After cleaning the wafers using the RCA method and etching with dilute hydrofluoric acid they were immersed in a nitric acid aqueous solution of various concentrations at temperatures ∼ 110-120°C for different reaction times. The complete set of SiO 2 /Si structures, including oxide thickness and HNO 3 concentration, is summarized in Tab. 1. After rinsing with ultrapure water the wafers were divided into several parts. One part of the wafers was treated by POA in nitrogen at 250°C for 1 h. Then aluminum (Al) dots of 0.15 and 0.30 mm diameter were formed on all parts of prepared wafers, resulting in Al/SiO 2 /Si MOS diodes. For other wafers, PMA treatment occurred after Al electrodes were evaporated at 250°C in hydrogen atmosphere for 1h.
The thickness of SiO 2 layers was estimated from x-ray photoelectron spectroscopy (XPS) spectra using a VG Scientific Escalab 220i-XL spectrometer. Current-voltage (I − V ) characteristics were measured using an HP 4140B picoampermeter and capacitance-voltage (C − V ) curves were recorded with an HP 4192A impedance analyzer. The A-DLTS technique we used is based on the fact that the time development of the amplitude of the measured ARS, produced by SiO 2 /Si interfaces when a hf longitudinal acoustic wave passes through the MOS structure, is proportional to the nonequilibrium carrier density [7] . After an injection bias pulse has been applied to the structure, the decay time constant associated with the relaxation of the ARS amplitude is a direct measure of the time constant associated with the relaxation processes of injected carriers. Using a computer evaluation of isothermal acoustoelectric transients, in connection with the well known relation expressing the temperature dependence of the relaxation time that characterizes the return to thermodynamic equilibrium, the activation energies and corresponding capture cross-sections could be determined from transient measurements of the ARS [8, 9] . A block diagram of the experimental arrangement of the A-DLTS technique is shown in Fig. 1 . The computer system was used to trigger the apparatus -Pulse Modulator and Receiver -MATEC 7700, to generate excitation bias pulses as well as to record and evaluate the isothermal transient of the ARS. A longitudinal acoustic wave of frequency 13.2 MHz was generated using a LiNbO 3 transducer in the arrangement illustrated in the A-detail. The ARS produced by the MOS structure, after detection in the SRS Gated Integrator and Box-car Averager, was then recorded and stored by computer. ages V G (reverse biases) were evidently more reduced for samples with the PMA treatment comparied to those with POA treatment. However, at the positive gate voltages (forward biases), especially at V G >0.5 V the leakage current densities were higher for the PMA-treated samples than those for the POA-treated. Fig. 3 shows the C − V curves for the same representative MOS diodes as the I − V characteristics (Fig. 2) . A negligible hysteresis indicated that the concentration of both oxide-trapped charges and mobile ions in the SiO 2 layers were low. The humps indicating the presence of high density interface states were observed in most structures, although markedly higher in the samples with POA. 
Results

Discussion
Both electrical and acoustic measurements show that microscopic structures of ultrathin SiO 2 layers formed in HNO 3 are changed by POA and PMA, resulting in the improvement of the electrical characteristics of such MOS diodes, but by different ways.
The leakage current density of prepared SiO 2 layers depends on both the HNO 3 concentration (changing from 53 % to 68 %) and reaction time (changing from 3.5 up to 10 hours), and it is evidently lower for PMA structures. While the POA treatment eliminates some suboxide species, which is the reason for the decrease of the leakage current density [3] , the PMA treatment should form the Si-H bonds from Si dangling bonds by the reaction with atomic hydrogen. This is produced by the catalytic activity of the Al electrode, but also can likely react with other defects [2] . Since interface states act as a current flow path, their elimination decreases the leakage current density. However, in the accumulation region, different carriers are responsible for the current flow, so that the leakage current density can be lower for POA samples. The humps present in C − V curves, indicating the presence of high-density interface states, are also smaller or eliminated in PMA structures compared with POA ones. Using the analysis of interface states resulting from high frequency C − V curves [10] , the interface states responsible for humps have an activation energy ∼ 0.2 eV, which should correspond to Si dangling bonds interacting weakly with oxygen or a Si atom having an unpaired electron [4] . However, the A-DLTS spectra (see Tab. 2) indicated different interface states in the individual structures. The set of POA samples, except sample No.7, can be divided into two parts, depending on the determined activation * LCD = Leakage current density
